Oxygen reduction reaction (ORR) and evolution reaction (OER) are one pair of the most important electrochemical reactions associated with energy conversion and storage technologies, such as fuel cells, metal-air batteries, and water electrolyzers. However, the sluggish ORR and OER requires a significantly large quantity of precious metals (e.g., Pt or Ir) to enhance reaction activity and durability. Highly active and robust nonprecious metal catalysts (NPMCs) are desperately required to address the cost and durability issues. Among NPMC formulations studied, carbon-based catalysts hold the greatest promise to replace these precious metals in the future due to their low-cost, extremely high surface area, excellent mechanical and electrical properties, sufficient stability under harsh environments, and high functionality. In particular, nitrogen-doped carbon nanocomposites, which were prepared from "metal-free" N-C formulations and transition metals-derived M-N-C (M=Fe or Co), have demonstrated remarkably improved catalytic activity and stability in alkaline and acidic electrolytes. In this review, based on the recent progress in the field, we aim to provide an overview for both types of carbon catalysts in terms of catalyst synthesis, structure/morphology, and catalytic activity and durability enhancement. We primarily focus on elucidation of synthesis-structure-activity correlations obtained from synthesis and extensive characterization, thereby providing guidance for rational design of advanced catalysts for the ORR. Additionally, a hybrid concept of using highly ORR active carbon nanocomposites to support Pt nanoparticles was highlighted with an aim to enhance catalytic performance and reduce required precious metal loading. Beyond the ORR, opportunities and challenges of ORR/OER bifunctional carbon composite catalysts were outlined. Perspectives on these carbon-based catalysts, future approaches, and possible pathways to address current remaining challenges are also discussed.
Introduction

Significance of electrocatalysis for oxygen reduction
The dominance of fossil fuels as today's energy source has led to increasing concerns about global climate change and national energy security. Large-scale deployment of renewable energy and the electrification of transportation offer an indispensable strategy for addressing these issues [1] . Among available renewable energy sources, solar and wind are the most abundant and readily accessible [2] . However, the distributed and intermittent nature of such renewable energy resources presents a formidable challenge toward their effective utilization [3] . Energy conversion and storage of renewable energy via direct electrochemical oxidation or/ and reduction, such as the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER), are considered clean, efficient, and economically viable solutions to overcome these problems. This will allow the stored energy to be reliably delivered wherever and whenever it is needed.
As shown in Figure 1 [4] , polymer electrolyte fuel cells (PEFCs), metal (Li or Zn)-air batteries, and water electrolyzers are the energy conversion and storage technologies associated with these O 2 reactions [5] [6] [7] [8] . They offer many advantages over traditional fossil fuel combustion, such as vastly improved overall efficiency, high energy density, and significant reduction of CO 2 and other emissions. Among others, PEFCs are highly efficient chemical-to-electrical energy conversion devices that can be used as power sources in electric vehicles, portable, and stationary applications. Fuel cell vehicles (FCVs) in particular have the potential to significantly reduce our dependence on foreign oil [9] . They run on hydrogen gas instead of gasoline lowering harmful emissions that result in environmental pollution and possible Figure 1 Electrochemical energy conversion relying on oxygen electrocatalysis using precious metal catalysts. Reproduced with permission from Ref. [4] . Copyright 2015, Wiley-VCH.
climate change [10] . Electric cars powered by hydrogen fuel cells have recently become commercially available on the market. However, several challenges including their high cost and insufficient performance durability must be overcome before fuel cell vehicle technologies becomes competitive with conventional gasoline vehicles.
Due to the inherently slow reaction kinetics of the ORR, a significant number of precious metals such as Pt are required as catalysts because of their high activity and durability in both acid and alkaline electrolytes. However, to significantly reduce the cost and realize sustainable development, utilization of Pt must be replaced or significantly reduced in the ORR cathode for fuel cell applications. The development of highly active and stable precious-metal-free catalysts thereby become a very important topic in the field of electrocatalysis [11] [12] [13] [14] [15] . Considerable scientific interest exists in the exploration of advanced catalyst designs and synthesis by using earth-abundant elements to mimic the catalytic properties of precious metals. It possesses the potential to provide fundamental knowledge and understanding in the field of chemical catalysis for sustainable and clean energy conversion.
Opportunity and challenges of nonprecious metal electrocatalysis
During several decades of searching non-precious metal catalysts (NPMCs) for oxygen reduction, significant progress has been made in the areas of synthesis, performance improvement, and mechanism understanding. Compared to other studied catalyst formulations [16] [17] [18] [19] [20] [21] , carbon nanomaterials, including amorphous carbon blacks, 1D nanotubes, 2D graphene, and 3D mesoporous graphite are promising for NPMC applications because of their low-cost, extremely high surface area, excellent mechanical and electrical properties, sufficient stability under harsh environments, and the easiness to be functionalized [22] . Two types of carbon materials hold great promise to replace Pt in the future for fuel cell and other electrochemical energy application. They are metal-free heteroatom (e.g., N)-doped carbon catalysts (C-N) [14, [23] [24] [25] [26] and nitrogen-and transition metal-"co-doped" carbon catalysts (M-N-C, M= Fe or/and Co) [11, 23, . Generally, decent ORR activity in alkaline media can be achieved on the metal-free heteroatom-doped carbon catalysts [14, 23, 67] . Notably, the Figure 2 Superior ORR activity (c) and durability (d) in alkaline media (0.1 M NaOH) was achieved on a Fe-N-C catalyst relative to a Pt/C reference. Reproduced with permission from Ref. [68] . Copyright 2013, Macmillan Publishers Ltd. Gaps still need to be bridged between state-of-the-art Fe-N-C and Pt/C catalysts in acidic media described by using RDE (a) and fuel cell performance (b) Reproduced with permission from Ref. [11] . Copyright 2011, American Association for the Advancement of Science.
nitrogen-doped carbon nanotube and graphene catalysts developed by Dai and his coworkers have demonstrated comparable and even better activities to that of Pt catalysts in alkaline media evidenced by rotating disk electrode polarization plots. The microstructure and electronic transport of carbon nanomaterials can be tailored by controlled growth and doping. The substitutional N atom exhibits sp 2 -like hybridization in C-N bonds. Such C-N bonds are considerably polarized owing to the larger electronegativity of nitrogen than carbon; this causes the carbon atoms adjacent to the nitrogen dopants to be positively charged and becomes active sites for O 2 adsorption [14] . Although recent studies have also demonstrated good ORR activities in acidic electrolytes for certain metal-free heteroatom-doped carbon catalysts [17, 18] , the optimal active sites for the ORR in alkaline and acidic environments are likely dissimilar. In this regard, M-N-C catalysts have been more extensively studied for achieving decent ORR activities in more harsh acidic media. In 2009, Lefèvre and Dodelet developed a Fe-based catalyst with significantly increased active sites associated with iron cations coordinated by pyridinic nitrogen functionalities in the interstices of graphitic sheets within the micropores [13] . The current density of a cathode made with the best iron-based electrocatalyst reported can equal that of a Pt-based cathode with a loading of 0.4 mg/cm 2 and at a cell voltage of Z 0.9 V. However, due to the possible water flooding in micropore and degradation of the active FeN 4 sites, the cathode suffers from significant performance degradation even at relatively low voltages. In 2011, Wu and Zelanav properly selected precursors, designed a synthesis procedure, and produced a Fe-N-C catalyst derived from polyaniline (PANI) and transition metals (Fe or Co) that could provide greatly increased density of active sites and strong interaction between active sites and the supporting matrix [11] . The resulting Fe-N-C catalyst was able to minimize the activity gap between Pt and nonprecious metal catalysts to 60 mV in terms of their half-wave potentials (E 1/2 ) of polarization plots in the more challenging acidic electrolyte. In addition to the high activity, the catalyst demonstrated a long-term durability at a voltage of 0.4 V in a fuel cell. The precise control of the polymer morphology and the interactions among polymer/metal/ supports during the thermal decomposition process are the keys to achieving high activity and durability. Figure 2a and b show superior activity and durability to Pt/ C for the best Fe-N-C in alkaline media (0.1 M NaOH). However, in more challenging acid media, NPMCs with Fe-N-C formulations cannot yet provide sufficient activity and performance durability (at high voltage range 40.6 V) for practical acidic Nafions fuel cell applications. A significant gap between the most active Fe-N-C catalyst and the Pt/C in acidic electrolyte must be bridged for viable fuel cell applications (Figure 2c and d) [11] . The onset potentials of the ORR for state-of-the-art Fe-N-C is around 0.9570.02 V. This value is still well below the standard potential of 1.23 V based on thermodynamics. In addition, the most positive half-wave potential, which is governed by the number of active sites i.e. site density (N/cm 2 or N/mg), only reaches 0.8070.02 V vs. RHE. Thus, there is much room left for improvement of Fe-N-C catalysts by optimizing catalyst structures and morphologies with significantly increased active site density. Notable, estabilishment of good standard ORR activities of Pt/C reference in both acidic and alkaline electrolytes are important for NPMC research communities as references. As shown in Figure 2 , accroding to Wu and Zelenay [11, 68] , in 0.1 M HClO 4 , the half-wave potential for a Pt/C catalsyt at a high precious metal loading of 60 mg cm À 2 should reach 0.86 V vs. RHE. In 0.1 M NaOH electrolyte, half-wave potential is around 0.91 V vs. RHE when a higher Pt loading is used at 60 mg cm À 2 . In addition, in the midst of searching for the most active Pt, numerous strategies of controlling Pt alloy structure and morphology have been introduced [69] in order to improve ORR activity compared to individual Pt. For example, the most active fully ordered fct-structured FePt alloy nanoparticle catalyst exhibited a half-wave potential up to 0.958 V in 0.1 M HClO 4 electrolyte when a Pt loading is 45.5 mg cm À 2 [4] , one of the most positive values obtained for ORR catalysis in acid under similar conditions [70] [71] [72] [73] [74] [75] . Therefore, development of advanced NPMCs with approaching activity and durability to Pt-based catalysts has been attracting substantial attention in the electrocatalysis society over the past five years.
A current challenge to hinder rational catalsyt design and synthesis is the lack of undersanding of the exact active site in the M-N-C catalysts. The current understanding is only qualitative knowledge inferred from understanding of the synthesis processes and based on information from somewhat insensitive characterization techniques. For example, in M-N-C catalysts, carbon is the dominant component (up to 85 at%) and high levels of graphitic and pyridinic nitrogen (up to 8 at%) are successfully doped into the carbon structures to replace the carbon atoms at the inside and the edges of the planes, respectively [44] . Furthermore, there is a possibility that a transition metal (e.g., Fe, up to 5 at%) cation is able to coordinate with pyridinic nitrogen and embedded itself into the carbon plane as a possible active site configuration [40] , which provides enhanced intrinsic ORR activity compared to the metal-free N-doped carbon. However, it is unclear whether the transition metals are the crucial center of the active site(s), or if it only catalyzes the process of nitrogen doping into carbon. The role of the transition metals in the M-N-C catalyst seems still to be controversial. Diversified nanocarbon structures such as tubes, onion-like carbon, and multiple-layered graphene once were observed in highly active M-N-C catalysts [41, 43, 76, 77] . Initially, we speculated that the in situ formation of highly graphitized nanocarbon in catalysts seemed to be a critical factor dictating active site generation and was directly linked to the observed ORR activity [40, 77] . In our recent effort to develop the M-N-C catalyst derived from metal organic frameworks (MOFs), dominant amorphous or partially graphitized carbon with uniform distributions of N and Fe were found in a new type of Fe-N-C catalyst showing even higher ORR activity (E 1/2 up to 0.82 V vs. RHE) and stability relative to graphitized nanocarbon-rich Fe-N-C catalysts (0.80 V). Thus, it seems that the highly graphitized carbon structures in the M-N-C catalysts are not necessary for generating high ORR activity. These puzzles notwithstanding, catalytic activity was to be found strongly dependent on the synthetic chemistry of catalysts. Particularly important factors are the structure of the nitrogen-carbon precursor, transition metals, heating conditions, supporting templates, and post treatments. In addition, the integration method of nitrogen, carbon, and metal species is crucial for achieving high activity. As shown in Figure 3 [50, 78] , in this review, we summarize the new concepts and methods recently developed to prepare highly efficient metal-free and transition metal-derived carbon composite catalysts for oxygen reduction in both alkaline and acidic electrolytes. We focus on elucidating synthesisstructure-property correlations acquired from synthesis processes and extensive characterization. The aim is to provide effective guidance to design and prepare novel carbon nanocomposite catalysts with continuously improved performance.
Nitrogen-doped carbon catalysts Nitrogen doping
Compared to other heteroatoms, nitrogen specifically offers significant promise as a nonmetal dopant because one can dope it into several locations within the carbon structure, thus resulting in multiple possible configurations [79, 80] . Being more electronegative than carbon, nitrogen makes neighboring carbon atoms electron deficient, thereby promoting oxygen adsorption on the carbon nanostructure. On the other hand, having one extra valence electron than carbon makes nitrogen a promising n-dopant, which pushes the Fermi level closer to conduction band making the carbon nanostructure more electronically conductive and disordered [67, 81] . Moreover, the comparable atomic size of nitrogen and carbon along with five available valence electrons present in nitrogen allow the formation of strong covalent bonds in nitrogen-doped carbon and thus increasing its stability [82] . Oxygen adsorption may then occur at the resulting defect sites within the graphene edges or in the basal plane. Earlier theoretical studies have suggested nitrogen edge doping and general edge structure are able to utilize a four-electron pathway to notably improve ORR activity [80, 83, 84] .
Generally, doped nitrogen atoms in carbon planes can be primarily divided into three types as shown in Figure 4a [85] . XPS typically is used to distinguish these doped nitrogen atoms according to their corresponding binding energies (Figure 4b ) [37] . Among various nitrogen-doping positions, pyridinic nitrogen that is located at the edge sites just possesses two sp 2 carbons. Therefore, it only provides the graphitic π system with one p π electron. In-plane graphitic nitrogen is able to provide two p π electrons. The pyrrolic nitrogen atom in the five-sided ring is thermally unstable and could convert into a graphitic nitrogen atom inside the graphitic carbon plane when the heating temperature is above 800 1C [41] . Lahaye et al. [86] verified the higher surface polarity of nitrogen doped carbons compared to carbons lacking any nitrogen doping. This result proves that graphitic layers doped with nitrogen demonstrate quicker charge transfer rates than pure carbon at the double layer [87, 88] , and thus improve the transfer of protons and electrons for the ORR. In principles, these studies show how precise nitrogen doping allows one to tailor a catalyst's structure-property relationship and thus improve its activity for the ORR. However, it is not possible to completely control nitrogen-doping sites in carbon nanomaterials, but precise use of nitrogen-containing precursors during synthesis has led to the development of nitrogen-doped structures such as graphene and carbon nanotubes with optimal dopants, which have exhibited highly improved ORR activity, relative to undoped nanocarbons.
Nitrogen-doped carbon nanotube catalysts
Carbon nanotubes (CNTs) have been the subject of studies for over 20 years, and research has found they possess several significant advantages compared to carbon blacks for usage as electrocatalysts in fuel cells. These include but are not limited to enhanced mass transfer, improved electronic conductivity, and greater corrosion resistance [89] [90] [91] [92] . Recent syntheses of vertically aligned N-CNTs ( Figure 5a ) were able to produce ORR activity comparable to that of Pt/C catalysts in alkaline media (Figure 5b ) [14] .
It should be noted that, unlike the nitrogen-free CNT electrode, the nitrogen-doped carbon nanotube (NCNT) electrode exhibited a one-step process for the ORR with a steady-state diffusion current that was almost twice that obtained at the CNT electrode. Furthermore, compared with the non-aligned NCNT electrode, the enhanced ORR activity observed with the vertical aligned NCNT (VA-NCNT) electrode can be attributed to its well-defined large surface area with all of the nanotube top-ends falling on one plane at the interface between the aligned nanotube electrode and Carbon nanocomposite catalysts for oxygen reduction and evolution reactions electrolyte solution to further improve the electrolyte/ reactant diffusion [14] . Due to the facilitated mass transfer and increased surface areas within the catalyst layer, a larger limiting current density was observed with the VA-NCNT electrode. The charge delocalization induced by N-doping was found to impair O-O bonding because it promoted oxygen chemisorption onto the N-CNTs (Yeager or bridge model) over end-on adsorption (Pauling model). Further studies were then carried out to compare electronic structure properties of NCNTs to pure CNTs via a density functional theory [93] . Several descriptors were evaluated in terms of their ability to predict external surface reactivity of carbon/nitrogen. Electrostatic potential along with average local ionization energy upon the nanotube surfaces was determined to be the most indicative [94] . Pyridinic and graphitic nitrogen have been extensively investigated in terms of their promotional roles in enhancing ORR activity on carbon catalysts. These nitrogen dopings noticeably alter distribution of potential and electronic environment for the pristine CNT and graphene, and the specific placement of the doping sites is significant. Sharifi et al. conducted studies to specifically understand the role nitrogen doped functionalities play for the N-CNT with respect to the ORR [95] . The pyridinic nitrogen atoms locating at the edge of carbon planes is widely considered as active sites to adsorb O 2 . The pyridinic sites could associated with the number of active sites for the ORR via a four-electron pathway. Ishikawa et al., prepared a series of vertically aligned carbon nanotubes with a surface nitrogen concentration of 0, 4.3, 5.6, 8.4, and 10.7 atom % by the alumina template technique [96] . The measured electrocatalytic ORR activity determined by half-wave potential is linearly increased with the content of pyridinic-type nitrogen sites [96] . This work provided an evidence that the active site in the N-doped carbon nanotube catalysts for the ORR is associated with the pyridinic-type nitrogen sites. However, graphitic nitrogen sites could be also important to the ORR through modifying electronic structures of carbon planes, while they only catalyze via a peroxide intermediate and a two-electron pathway [94] . This information can aid further studies and applications of N-CNTs as metal-free catalysts.
Nitrogen-doped graphene catalysts
Graphene, the foundational structure for all graphitic carbons, is a single atom thick two-dimensional sheet of sp 2 carbons bonded into a hexagonal lattice. Graphene's basal plane structure, chemical stability, theoretical surface area (2630 m 2 g À 1 ), conductivity, and its ease to functionalization all make it an attractive candidate as an ORR catalyst [23, 97, 98] . Dai and coworkers developed a nitrogen-doped graphene (N-G) catalyst to function as a metal-free ORR catalyst in alkaline media [23] . The N-doped graphene film (Figure 5c ) was prepared by a nitrogencontaining reaction gas mixture and a Ni-coated SiO 2 /Si substrate with Ni as a catalyst [23] . This catalyst showed impressive electrocatalytic properties toward the ORR ( Figure 5d ), further demonstrating the importance of nitrogen doping in advanced carbon materials. Numerous N-G catalysts synthesis methods have been discovered and developed since this pioneering work. For example, nitrogen plasma has been utilized during synthesis of N-G catalysts via a physical method to produce high ORR activity [98] . Table 1 provides a summary of N-G catalysts including their synthesis methods and applications.
A major component in graphene preparation, graphene oxide (GO) has attracted extensive attention. GO is commonly prepared by oxidizing graphite powder in severe chemical conditions. Oxygen-containing functional groups, including epoxy, carboxyl and hydroxyl, are then functionalized onto each side of the sheet [116] . Coulombic repulsion present between the functional groups allows GO flakes to form single or multi-layered sheets, which are highly soluble in water. One can obtain highly electrically conductive graphene materials with a repaired π-conjugated structure from GO after the completion of a reduction process [30, 41, 117] . Therefore, GO shows significant promise as a graphene material that can utilize its reduction process to effectively tune and control its vacancies and defects. Recent large-scale synthesis efforts have used cyanamide in combination with thermal annealing to create N-G with nitrogen content of up to 12% [44] . Briefly, first, CN-G composites were generated from the annealing at 550 1C of GO functionalized by sodium dodecylbenzensulfonic acid and cyanamide. Second, CN decomposition occurred and ultimately produced N-G after CN-G heat treatment at 900 1C. The final N-G catalyst outperforms commercial Pt/C catalysts in alkaline media with regards to their methanol tolerance, catalyst durability (87% post 10,000 cycles), and kinetic current density (6.67 mA cm À 2 , at À0.4 V vs. Ag/AgCl) [94] . Graphitic nitrogen content was found to influence electrochemical performance more significantly than pyridinic nitrogen content. These results are opposite to those obtained from N-doped CNT catalysts indicating pyridinic N is directly correlated to ORR activity [96] . Thus, the role of doped nitrogen could be dependent on structures of nanocarbon, for example, close tubes vs. opening plane sheets.
More importantly, this nitrogen content type can be tailored by using different nitrogen precursors in the N-G synthesis. As shown in Figure 6 , Lai et al., annealed various nitrogen species such as ammonia, polypyrrole (PPy) and polyaniline (PANI) with GO to further study the connections between precursor, nitrogen doping, and catalytic activity [46] . The ammonia/GO primarily generated graphitic and pyridinic nitrogen centers while PANI/GO mostly produced pyridinic moieties, and PPy/GO mainly created pyrrolic moieties. In good agreement with others, total nitrogen does not directly link to measured activity and pyridinic and graphitic nitrogen atoms were found important. Especially, they indicated that, pyridinic nitrogen content shifted the ORR onset potential to more positive, whereas higher graphitic nitrogen content lead to a conversion of ORR reaction mechanism from a two-electron pathway to fourelectron one [46] . However, these conclusions are still debatable. Previous studies suggested graphitic N affect overall electron distribution on carbon, thereby governing the activation energy and determining the onset potentials. On the other hand, pyridinic N is linked to active sites and affects the number of active sites.
Generally, carbon electrodes (e.g., GC) exhibits relatively low 4-electron selectivity during the ORR and generates high peroxide yields, but this will greatly depend on carbon structure (e.g., morphology and graphitization degree) and nitrogen doping (e.g., total nitrogen content, doping position, ratios of various nitrogen such as pyridinic, pyrrolic, or graphitic N) [118] . We have also discovered that an increased degree of graphitization in carbon leads to reduced peroxide yield [34] . It was found that pyrrolic nitrogen sites within the carbon material might indeed lead to a two-electron process during the ORR [119] , which can be reduced by a higher heating treatment (4800 1C). In addition, an increased nitrogen content may favor the two-electron process [120] . Therefore, properly designed nanocarbon architecture with proper nitrogen doping is able to mitigate the peroxide yields though direct 4e À and/or 2e À +2e À pathways. Figure 5b demonstrates that the nitrogen-doped vertically aligned CNT catalyst is able to exceptionally improve 4-electron selectivity when compared to nitrogen-free CNT [14] . On the other hand, this also opens a possibility for the development of efficient electrocatalysts for a pure two-electron process for peroxide generation using carbon electrodes. 
Nitrogen-doped graphene/carbon-nanotube composite catalysts
Since N-G and N-CNT catalysts have each shown promising ORR activity, some interest has sprouted up to develop new advanced carbon catalysts with the best aspects of both structures [121] . Recently, Xia et al., utilized a low temperature (180 1C) hydrothermal process with oxidized carbon nanotubes (OCNT), GO, and ammonia as precursors to synthesize a N-G and CNT nanocomposite catalyst [30] . In 0.1 M KOH, the nanocomposite catalyst demonstrated improved onset potential and higher limiting current for the ORR when compared to individual CNTs, N-G and N-CNTs, and a physical mixture of GO and OCNTs. The determined synergistic effect that likely exists between graphene and CNTs was further verified by in-situ growing nitrogen-doped nanotube and graphene composites. As shown in Figure 7 , Wei et al., reported a nitrogen doped single-walled carbon nanotube (SWNT)/graphene composite as an efficient electrocatalyst. The in situ growth simultaneously lead to graphene and SWCNT with nitrogen doping, generating a three dimensional interconnected network with a high surface area of 812.9 m 2 g À 1 and high electrical conductivity of 53.8 S cm
. Nitrogen doping was well-dispersed into both graphene and SWCNT, but at a relatively low level (0.53 at%). A high ORR activity in alkaline media was measured by the authors, which was much superior to two constituent components and even comparable to the commercial 20 wt% Pt/C catalysts [122] .
Other heteroatoms such as boron-, sulfur-and phosphorousdoped carbon materials also have been studied in terms of their catalytic activity for the ORR. It is of fundamental importance to explore such heteroatom dopings and to understand their effects on changes of electronic and geometric structure of carbons. However, no significantly additional benefit was obtained so far to further improve ORR activity and durability by doping these heteroatoms beyond nitrogen. Therefore, these heteroatom-doped carbon catalysts are not covered in this review. The relevant information can be found from other review articles [25, 67] .
It should be noted that due to the improved ORR activity measured with these nitrogen-doped carbon catalysts in alkaline and nonaqueous electrolytes, they could be very useful in alkaline fuel cells, Zn-air batteries, and nonaqueous Li-air batteries [32, 94] . For example, the Zn-air battery is a very important energy storage device as an alternative to electrify EVs in the future. Highly concentrated potassium hydroxide solution (e.g., 6 .0 M KOH) is commonly used as the electrolyte in batteries. These highly active nitrogen-doped carbon composites in alkaline media will be good candidates for ORR active constitutes in air cathodes. For instance, the ORR-active nitrogen-doped carbon nanotubes (NCNTs) were used as a structural support for OER-active lanthanum nickelate (LaNiO 3 ) in a shell-core structured configuration in alkaline media and they demonstrated a synergistic effect and lead to excellent performance in rechargeable Zn-air batteries [123] . In addition, nitrogen-doped graphene nanosheets (N-GNSs) were prepared by post heating graphene sheets under high purity ammonia mixed with Ar at 900 1C for 5 min. As a potential cathode for Li-O 2 batteries with 0.1 M LiPF 6 in nonaqueous tetraethylene glycol dimethyl ether (TEGDME), the N-GNS exhibited significantly improved electrocatalytic activity relative to undoped GNS evidenced by both fundamental rotating disk electrode and battery discharging tests [124] . These comparisons indicate that doped nitrogen sites yield more active sites (defects and functional groups) for O 2 adsorption, and they provide more nucleation sites for the formation of discharging Li 2 O 2 products with a more uniform dispersion. Similar promotional roles with nitrogen doping for Li-O 2 battery cathodes were also observed with vertically aligned nitrogen doped carbon nanotube arrays [125] and nitrogen-rich mesoporous carbon materials [126] .
M-N-C carbon composite ORR catalysts Synthetic procedure
While catalysts with good ORR activity in alkaline media can be prepared without any detectable metal content [14, 23] , the presence of Fe and/or Co has been found so far to generate catalysts with the highest activity and four-electron selectivity in acidic environment [11, 13, 40] . The catalyst synthesis requires a careful and creative choice of precursors and templates along with controlled synthetic chemistry [40] .
A great number of studies have demonstrated that the performance of the catalyst is directly related to the choice of precursors, carbon supports and synthetic steps. Although it may be true that there are a vast number of nitrogen precursors suitable for the catalysis of ORR, catalytic activity is greatly dependent upon the structure of these precursors. For instance, there are quite a few choices of nitrogen precursor including metal-N 4 macrocycles (porphyrin complexes: N 4 -Fe and N 4 -Co) [127] , small organic molecules such as pyrrole, acetonitrile and 1-methylimidazole, nitrogen-containing polymers involving polyaniline (PANI), melamine resin and poly-dopamine, and last but not least, inorganic nitrogen precursors such as sodium azide and ammonia gas [128] . Therefore, in order to synthesize an effective carbon based catalyst of the form M-N-C, a holistic approach may represent a more favorable strategy to address the activity and stability issues. Nitrogen-containing polymers are among the most promising and typically chosen precursors due to the fact that they exhibit a highly ordered structure which acts as a more stable carbon support active layer during pyrolysis [128] .
In general, the synthetic procedure associated with the production of M-N-C catalysts initiates with a solution mixture containing transition metal, nitrogen-carbon precursors, and supports. After removing solvents, the resulting solid power is subject to heat treatment at a temperature ranging from 700 to 1000 1C (first heat-treatment). The first heat-treatment is followed by performing acid leaching, which readily eliminates undesired functional groups as well as unstable species from the pores of the catalysts. Thus, the porous morphology with more exposure active sites lead to an enhancement of ORR activity (Figure 8a ) [37] . However, the acid washing step occasionally blocks active sites with oxygen containing functional groups introduced by the choice of acid (H 2 SO 4 or HNO 3 ). Consequently, a second-heat treatment is required to further improve ORR activity by eliminating the damage caused by acid leaching (Figure 8a ) [37] .
Because the active sites are believed to be formed in the pyrolysis step, the activity of these sites would be greatly dependent on heating temperature in catalyst synthesis. As shown in Figure 8b , the ORR activities of PANI-Fe-C catalyst were studied as a function of heating temperature ranging from 400 to 1000 1C. The poor activity at 400 1C is very similar to carbon materials, which means no new active site are formed until the temperature is higher than 600 1C showing a significant shift of ORR onset potential in the positive direction. Moreover, in terms of the most positive onset and half-wave potentials, 900 1C was found to be the optimized temperature to generate the most active catalyst for oxygen reduction.
Elemental quantification of these samples treated at different temperatures were as determined using X-ray photoelectron spectroscopy (XPS). It was found that Fe content increases with pyrolysis temperature; this was probably due to more Fe species being incorporated into the graphitized carbon structure at higher temperatures suggested by HRTEM imaging [11] . Carbon content also increased with heating temperature as carbonization of PANI, leading to the formation of graphitic carbon on surface layer resulting from carbonization of PANI. In addition, nitrogen content decreases with heating temperatures from 600 to 900 1C, but it does not lead to a drop of ORR activity in this temperature range. Therefore, it appears the activity is not solely dependent on the total amount of doped nitrogen, but probably more related to the doping position and local electron environments Beside the heating temperature, heating steps are found to be very important to catalytic activity. Recently, Los Alamos scientists developed a novel three-step heating strategy to prepare high-surface-area Fe-N-C catalysts. The new cathode catalysts exhibit increased electrochemically accessible surface areas, relative to traditional twostep synthesis (Figure 9a ) [31] . Importantly, it can generate a current density of 190 mA cm À 2 at a voltage of 0.80 V (iRfree) in fuel cell testing (Figure 9b ) [129] . 
Role of transition metals in carbon catalysts
These promising transition metal-nitrogen-carbon complexes have been meticulously investigated since their discovery back in 1964 [130] , however, it was fairly recent that major progress towards their improvement took place. Usually, nanostructured carbon (e.g., tubes, onion-like carbon, and multiple-layered graphene) were observed in highly active M-N-C catalysts ( Figure 10 ) [41, 43, 76, 77] . A more specific hypothesis to explain the role of carbon structures in catalysis is that the carbon derived from the graphitization process of nitrogen-carbon precursors (e.g., polyaniline, ethylenediamine, melamine, or cyanamide) in the presence of transition metals (Fe, Co, or Ni), may serve as a matrix for hosting active nitrogen or metal moieties [11, 76] . The nanostructures of highly graphitized carbon are greatly dependent on the employed transition metals and nitrogen-carbon precursors ( Figure 10 ) [41, 77, 131] , which directly correlate to corresponding catalytic activity. Furthermore, there is a possibility that a transition metal (e.g., Fe, up to 5 at%) cation is able to coordinate with pyridinic nitrogen and embed itself into the carbon plane as a possible active site configuration [40] , which provides enhanced intrinsic ORR activity compared to the metal-free N-doped carbon. However, it is unclear whether the transition metals are the crucial center of the active site(s), or only catalyze the process of nitrogen doping into carbon. In this part, we aim to discuss some of the most relevant findings and potential effects of the addition of transition metals on the structure and performance of the carbon catalysts.
Compared to other transition metals, Co and Fe are the most efficient enhancers of catalyst activity in the ORR. The performance of these transition metals was found to be dependent on the type of electrolytes utilized. As shown in Figure 11 , in the case of PANI-derived catalysts [37, 38, 41] , the Fe-N-C catalyst exhibits much higher activity in acidic electrolyte, relative to the Co-N-C catalyst. However, in alkaline and nonaqueous Li + electrolytes, the Co-N-C catalyst is greatly superior to the Fe-N-C catalyst [37, 41] . These results suggest that the optimal active site structures for the ORR in various media are likely different. It will be very important to fundamentally understand the active sites and associated reaction mechanisms for each electrolyte behind these interesting experimental observations.
In order to gain more insight about the role of Co and Fe in catalyst synthesis, especially during the graphitization of PANI, nanostructure and morphology of Fe-N-C and Co-N-C catalysts were compared using electron microscopy ( Figure 12 ) [37] . Interestingly, graphene-sheet structures abundantly exist in Co-N-C catalysts, but not in Fe-N-C catalyst. This significant difference in catalyst nanostructure implies that Co is likely more effective to catalyze PANI decomposition at the atomic level, then these carbon and nitrogen atoms will re-arrange and coalesce together, forming highly graphitic N-doped graphene structures. Since the nitrogen functional structure on such non-precious catalyst are believed to be important to active sites, the correlation between transition metals and resulting nitrogen doping would provide insight into the origin of active sites. As shown in Figure 12 [37] , the addition of Co leads to a relatively higher pyridinic nitrogen content and is able to catalyze nitrogen doping at the edge of graphene planes [37] . Conversely, Fe may play a promotional role in increasing graphitic nitrogen and catalyze nitrogen doping at the center of graphene [37] .
In addition, bonding structural information for these transition metals in catalyst can be determined by using ex-situ X-ray absorption. In the Co-N-C catalyst case, similar to standard cobalt metal (hcp), the dominant peak in the catalyst is around 2 Å belonging to the Co-Co shell. This result indicates that the principal Co species in catalyst is highly metallic and no significant Co-N coordination was found. Similar results were also observed in another Co-N-C catalyst derived from ethylenedimine, a different nitrogencarbon precursor. When pyrolysis temperature was above 800 1C, the Co-N bonds were totally broken and metallic CoCo bond newly formed. In the case of Fe-N-C catalysts, the spectroscopy shows a dominant peak around 1.63 Å, which is very close to typical Fe-N 4 structures in macrocyclic compounds, suggesting that the Fe-N coordination structure is very possible in the PANI-derived Fe-N-C catalyst [37] . It was reported that high-resolution N 1s XPS could discriminate nitrogen coordinated to iron (N-Fe) with a binding energy at 399.6 eV from other doped nitrogen structures [133] . However, with the peak very close to pyrrolic nitrogen (400.570.3 eV), it is impossible to clearly identify the Fe-N coordination [87] . Furthermore, Mössbauer spectra indicated that various Fe-N coordination formulations in the same Fe-N-C catalyst were very likely, which included slowspin [133] . In addition, Koslowski et al. [134] , once used 57 Fe Mössbauer spectra to study a heat-treated iron porphyrin (FeTMPPCl) model catalyst. All of catalyst spectra can be fitted assuming two different ferrous Fe-N 4 centers, a CFeN 2 center (Fe 2 + , S= 2) and a Fe 3 C center (Fe 0 ). A linear correlation was found between the kinetic current density related to the direct oxygen reduction and the amount of in-plane Fe-N 4 centers. It should be noted that, although these characterization techniques are not surface sensitive, they can still provide insightful origin into the possible active iron structures in these highly-active catalysts. Therefore, due to the absence of Co-N coordination structures in Co-N-C catalysts, metalfree pyridinic or/and graphitic N dominant in catalysts seems to be important to ORR activity, particularly in alkaline and nonaqueous electrolytes. In the acidic electrolyte, as evidenced by X-ray absorption and Mössbauer spectroscopy results, Fe-N coordination structures may directly involve into the active ORR sites with higher intrinsic activity than that of the corresponding "metalfree" nitrogen-doped carbon structures (CN x ).
Nanocarbon morphology of M-N-C catalysts can be greatly tuned by the metals that are used for synthesis. Recently, we demonstrated a new strategy for tuning the size of large-diameter and few-walled nitrogen-doped carbon nanotubes (N-CNTs) from 50 to 150 nm by varying the transition metal (TM =Fe, Co, Ni or Mn) used to catalyze graphitization of dicyandiamide ( Figure 13 ) [135] .
Notable, compared to extensively studied cyanamide, dicyandiamide is much cheaper and contain more nitrogen atoms. In that work, Fe yielded the largest tubes, followed by Co and Ni, while Mn produced a clot-like carbon morphology. The corresponding morphology is correlated with electrocatalytic activity for the oxygen reduction. A clear trend of Fe4Co4Ni4Mn was observed for ORR catalytic activity in both alkaline media and more demanding acidic media. The Fe-derived N-CNTs exhibited the highest BET ($870 m 2 /g) and electrochemically accessible ($450 m 2 /g) surface areas and, more importantly, the highest concentration of nitrogen incorporated into the carbon planes. Thus, in addition to the intrinsic high activity of Fe-derived catalysts, the appropriate morphology features including high surface area and nitrogen doping contribute to ORR activity enhancement. This suggest that generation of favorable morphology can further provide a new opportunity to prepare advanced Fe-N-C catalysts with improved activity and durability.
In addition, substantial defects such as vacancies and dislocations observed in carbon planes may be responsible for the high ORR activity. As shown in Figure 14 , Fe-derived carbon tubes contain a large amount of defects. On the other hand, the well-defined and highly ordered carbon layer structures were produced in the presence of Mn. Due to low ORR activity observed with the Mn-derived catalyst, lack of defects in the ordered carbon structures could be a disadvantage for electrocatalysis and may significantly limit the electrocatalytic activity. Apart from the types of transition metals, we also found, in some special cases, metal content used for synthesis plays an important role in morphology optimization and activity enhancement. For example, when aniline was in-situ polymerized by sulfur-containing APS oxidant and used for a nitrogen-carbon precursor, a nominal iron loading of FeCl 3 can be used to control surface area, porosity, and morphology. , when compared with traditional 3 wt% Fe (275 m 2 /g) used during the synthesis. Only 2 wt% Fe was detected in the 30 wt% Fe catalyst using XPS and ICP-MS after acid washing and a second heat treatment. In good agreement with BET results, the morphology of the catalysts observed by SEM in Figure 15 [31] show more porosity when higher nominal iron loadings were used. In addition, contrary to the 3 wt% Federived catalysts containing detectable FeS crystalline, the 30 wt% Fe-derived catalyst only contained carbon peaks and lacked FeS peaks in the XRD pattern ( Figure 15 ) [31] . Thus, in contrast to the 3 wt% Fe-derived catalysts, in situ formed FeS in the 30 wt% Fe-derived catalyst is more efficiently leached out during the acid treatment step. The fact that the highest initial Fe loading used in the synthesis leads to the lowest bulk Fe content in the final product as well as the highest BET surface area may indicate that the in situ formed FeS acts as an effective sacrificial pore-forming agent during acid leaching. It is possible that the FeS particles formed with lower Fe loadings of 3 wt% are more fully encapsulated within carbon agglomerates.
Notable, rumpled multilayered graphene sheet-like morphology was observed with the high-surface-area 30 wt% Fe-derived catalysts. An ADF-STEM image of a multilayered graphene sheet and associated EELS analysis indicates that single Fe atoms are dispersed across the surface of the graphene. These Fe atoms were highly mobile under the electron beam, indicating that Fe is not incorporated within the carbon lattice. Additionally, EELS identified nitrogen in thicker areas of the layered graphene sheets. Beside the high ORR activity in traditional 0.5 M H 2 SO 4 solution, the high-surface-area Fe-based catalysts can tolerate phosphate ions at high concentrations and deliver ORR performance in 5.0 M H 3 PO 4 that is superior to that of Pt/C catalysts ( Figure 16 ) [31] .
Role of carbon supports
During the synthesis of Fe/Co-N-C catalysts, the addition of carbon supports is usually required to serve as a template that will disperse or adsorb the nitrogen-carbon and transition-metal precursors. In doing so, the subsequent heat-treatment yielded uniform distribution of active sites associated with nitrogen and transition metal moieties. However, the impact of supports was found to be different for Co-and Fe-based catalysts.
As shown in Figure 17 , when PANI was used as a carbonnitrogen precursor, morphology and ORR activity of the Co-N-C catalyst are nearly the same regardless of support usage. Oppositely, ORR activity and the associated catalyst morphology of Fe-N-C are more dependent on the use of supports. The high-surface area ketjenblack lead to more uniform and porous morphology for the Fe-N-C catalyst, exhibiting markedly enhanced activity for the ORR as evidenced by both RDE and fuel cell tests. This significant dissimilarity suggested that the formation mechanism of active sites during the hightemperature treatment for Co-and Fe-derived catalysts are likely different. Co species may have stronger catalytic function to catalyze a complete graphitization of nitrogencarbon precursors (e.g., PANI) and spontaneously create sufficient porosity. However, significant agglomeration of nitrogen-carbon precursors during the high-temperature treatment is very likely in the presence of Fe species, yielding less porous morphology. In addition, close integration of Fe and N species adsorbed into porous supports appears imperative for subsequent thermal treatment and the generation of active sites related to FeN x moieties. The similar role of carbon supports was also observed with other nitrogen-carbon precursors-derived catalysts including ethylenediamine, melamine, and cynamide. However, the situation might differ if different precursors such as metal organic frameworks (MOFs) are used for synthesis of M-N-C catalysts [136] .
In addition to the morphology control and activity enhancement, utilization of advanced nanocarbon supports was also found to be capable of improving performance durability of catalysts. Due to their high electronic conductivity, good corrosion resistance, high specific-surface area, and diminishing price, carbon nanotubes have been considered a possible replacement of traditional carbon blacks in fuel cell electrocatalysts. A number of earlier studies have shown that Pt, loaded on multi-and single-walled carbon nanotubes, exhibits high activity for methanol electrooxidation and oxygen reduction. We have systematically compared Ketjenblack 300J and multiwalled carbon nanotube (MWNTs) supports in terms of their capability to enhance catalyst performance.
As shown in Figure 18 [137], initial fuel cell performance evaluation (i.e., polarization plots) measured with PANI-Fe-KJ and PANI-Fe-MWNTs is nearly identical. However, the MWNT-supported catalyst generated a higher current density at relatively low voltage (o0.35 V). This is likely due to the higher electronic conductivity and more open electrode structure that result from MWNTs. More importantly, the MWNT supported catalyst demonstrates significant stability Figure 17 Effect of carbon supports on Co-N-C and Fe-N-C catalysts in terms of their ORR activity, fuel cell performance, and morphologies. benefits, with virtually no performance degradation after more than 500 h at a constant cell voltage of 0.40 V. This represents an improvement over the Ketjen black-supported catalyst that exhibits performance loss at operating times exceeding 200 h. Since the CNTs do not possess microporosity, except in the interior of the tube, higher gas permeability is expected, and the active catalytic sites on the nanotubes are likely to be easily accessible. In addition, water removal within the electrode should be facilitated, and this is an important advantage for CNTs, especially in the case of non-precious catalyst layers approaching 100 μm in thickness. In addition, higher durability of the MWNTsupported PANI-Fe catalyst may be related to the larger degree of graphitization of MWNTs, which leads to enhanced corrosion resistance and improved stability of the ORR active site(s) [90, 138] .
Novel M-N-C catalysts derived from MOFs
Traditional synthesis approaches of M-N-C catalysts are to integrate different metal, nitrogen and carbon precursors, and carbon supports in composites followed by a high temperature carbonization. For example, nitrogen-carbon precursors such as polyaniline, melamine, and ethylenediamine usually coordinate with transition metal salts to form complexes deposited on carbon supports. They then pyrolyze at high temperature under inert gas atmosphere to generate excellent catalysts for the ORR [139] . However, these heterogeneous composites fail to uniformly control precursor distribution and create well-defined structure with ordered morphology and pore sizes. This lack of structure control during carbonization limits the rational design to enhance the performance of catalysts as well as the understanding of the active sites of catalysts for ORR.
MOFs, built by secondary building of units from metals and organic linkers with strong bonding, have received a lot of attentions since they possess permanent porosity, threedimensional (3D) structure, and diversity of metals and organic linkers. They have promising applications in gas storage, separation and catalysis and especially in energy conversion and storage [140] . The structure of MOFs consists of ligands containing carbon and nitrogen atoms coordinating with metals to form ordered 3D porous crystals. These not only meet the requirements of M-N-C composition as templates but also provides ordered three dimensional porous structures. Additionally, the strong interaction among metal atoms and nitrogen atoms beneficial to generating more active sites and higher intrinsic catalytic active sites via carbonization. Liu and coworkers initiated the study of M-N-C catalysts derived from MOFs for ORR cathodes in fuel cells [141, 142] . Following their pioneering works, the most active catalyst derived from MOF was prepared by Dodelet et al. [143] through physical mixing of ZIF-8, a zeolitic imidazolate framework (ZIF) composed of Zn and 2-methylimidazole, with N-chelating Fe compounds using ball milling followed by two annealing treatments under Ar and NH 3 atmosphere, respectively. Single MEA fuel cell tests using H 2 -O 2 indicated that the best performing cathode from that work [143] generated a power density of 0.75 W cm À 2 at 0.6 V, which is comparable with that of a commercial Pt-based cathode tested under identical conditions ( Figure 19 ). Besides the intrinsically active Fe-N species in the catalysts, the utilization of the unique ZIF-8 MOF templates also significantly improved mass transport properties. Both SEM and TEM images clearly indicated that there are numerous mesopores of about 50 nm in diameter dominant throughout the catalyst; they contain interconnected hollower structures and have typical wall thicknesses of less than 10 nm. Therefore, the high-surface-areas and porous structures greatly facilitate the diffusion of ORRrelated species (e.g., O 2 and H 2 O) towards and away from the catalytic sites located in the pores of the catalysts. This work further suggests the importance of morphology controls by using a novel template such as MOFs during the Fe-N-C catalyst design and synthesis.
Among the studied MOFs, ZIF-8 and ZIF-67 have attracted the most attention since they consist of abundant carbon, nitrogen ligands, and transition metals (Fe or Co). In addition, they are easy to be synthesized and have high surface and good chemical stability. Recently, many excellent M-N-C catalysts derived from these MOF have been reported [30, 136, 144] . Profound insights into the synthetic process particularly for the interactions between Fe and the ZIF-8 framework are certainly critical for generating more active sites with appropriate Fe-N coordination. Recently, we developed a new synthesis method for a highly active Fe-N-C catalyst featuring uniform Fe distribution at an atomic level. The novel synthesis starts with homogeneous doping of Fe into ZIF-8 followed by a simple one-step heat treatment. This synthesis method removes the need for tedious post-treatments such as acid leaching and the second heating treatment. The FeN 4 structure in the Fedoped ZIF-8 will facilitate the formation of the ORR active FeN x sites during the thermal conversion process [145] . As Zn is volatile at high temperature and can be eliminated during pyrolysis, highly porous N-doped carbon was generated [146, 147] . Instead of highly graphitized nanocarbon, amorphous or partially graphitized carbon with two broad XRD peaks was observed in the catalyst. Notably, an O 2 -free environment for preparing the Fe-doped ZIF-8 precursor is found to be crucial for uniform Fe distribution with exceptionally improved ORR activity, exhibiting the highest halfwave potential (0.82 V vs. RHE) in acid. The remarkably enhanced activity is primarily due to the homogeneous Fe distribution at atomic level in 3D MOFs, which significantly increases the density of the ORR active Fe sites.
ORR active site debate
As discussed above, the role of these metals in inducing active sites remains a subject of debate in the scientific community. Some specialists firmly believe that the metals correspond to an integral and electrochemically active part of the catalytic site, while others are of the opinion that the metal is merely a catalyst that promotes the formation of special nitrogen-doped carbon structures [40] . Lefèvre and coworkers synthesized a nanocomposite catalyst consisting of a mixture of phenanthroline and iron salts on carbon supports. In their work, it is believed that most of the catalytic active sites contain an iron cation coordinated by four pyridinic nitrogen configurations attached to the edges of graphitic sheets which belong to the carbon support [13] . This idea is in concordance with Yeager's claim on the role of transition metals in carbon-based catalysts. Essentially, Yeager's team concluded the outcomes of their polyacrylonitrilebased catalyst (PAN/Fe or Co) demonstrated that the addition of transition metals such as Fe and Co to nitrogen-doped carbon structures promoted the generation of pyridinic nitrogen thus providing binding sites for the transition metal ions to act as catalytic sites for oxygen reduction [148] . Bouwkamp-Wijnoltz et al. found that, after high temperature pyrolysis, only a small fraction of Fe-N 4 sites were involved during the ORR [149, 150] . Recently, using pyrolyzed model structures of iron porphyrins, Mukerjee et al., indicated that a covalent integration of the Fe-N x sites is embedded into π-conjugated carbon basal plane. The Fe-N x moieties have strong electron donating/withdrawing capability and significantly modify the electronic structure of adjacent carbon atoms, thereby improving ORR activity. Furthermore, they employed in-situ electrochemical X-ray spectroscopy methods to identify the various structural nature of the active sites in Fe-N-C catalysts. It was found that the single site 2e À +2e À mechanism in alkaline media and the primary Fe 2 + -N 4 centers and the dual-site 2e À +2e À mechanism in acid media. A mechanism that surface bound coexisting Fe/Fe x O y nanoparticles (NPs) as the secondary active sites was proposed [151] [152] [153] [154] [155] [156] .
Another interesting approach to view the nature of the active sites within the catalyst's nanostructure is taken by Oh and Kim [157] , where they proposed that the metal itself does not behave as an active site. It is also acknowledged that the transition metal plays a significant role during the oxygen reduction reaction by promoting the formation of active nitrogen functional groups, thereby increasing ORR activity [157] . This is particularly true in instances where cobalt salts are utilized due to the fact that Co-N-C catalysts behave similarly to the "metal-free" N-C catalysts in term of onset potentials and Tafel slopes of their ORR polarization plots. The resulting data from the inductively coupled plasma-atomic emission spectroscopy (ICP-AES) characterization techniques along with electrochemical testing supports Oh and Kim's statement on the function of transition metals. Moreover, the X-ray photoelectron spectroscopy (XPS) characterization supports that the relatively content of pyridinic nitrogen strongly depends on the amount of transition metal salt added during the preparation of the sample catalyst [41, 157] . That is, the transition metal salt acts as an essential synthetic precursor that contributes to the development of active sites. Gong et al., prepared a catalyst for ORR catalysis by pyrolyzing iron (II) phthalocyanine. The XPS analysis of the authors' vertically aligned nitrogen-containing carbon nanotubes (VA-NCNTs) catalyst was unable to detect Fe signals, which suggests that the residual metal catalyst was entirely removed during the acid leaching step. The results of the material characterization techniques led the authors to believe that the transition metal acted exclusively as a precursor and had no role on the active site of their catalyst [14, 150] . The similar XPS results were also observed with the M-N-C catalysts derived from ethylenediamine [27] .
The controversy around the involvement of transition metals in the active sites mainly stems from the nature of the characterizing techniques used to elucidate the mechanism. The difficulties of obtaining in-situ data with high precision and sensitivity have been the main source of disagreement among the field. Although many may seek a general theory for the active site, it is very likely that the species involved in the active sites are dependent on the synthetic strategy and precursors. Hence, it may not be feasible to establish a general theory stating whether transition metals are active sites during oxygen reduction. What is evident is that transition metals boost the catalytic activity of these carbon composites either by increasing the BET surface area, promoting pyridinic and graphitic nitrogen content, anchoring the oxygen molecule to the carbon support or activating the nitrogen content with its intrinsic Lewis acid nature. It is very likely that transition metals reconfigure the electronic environment of the carbon planes in a way that lowers the overpotential and improves the kinetics of the oxygen reduction. The third possibility of a new iron-based catalytic site for the ORR could be a configuration consisting of outer graphitic layers encasing a Fe 3 C core [158] . This is due to an experimental result, in which highly active Fe-based catalysts were prepared with dominant Fe 3 C particles surrounded by a few layered graphic shells without any doped nitrogen. However, more extensive characterization of the new Fe 3 C catalyst is required to elucidate the ORR activity and catalyst chemical properties [158] . Notably, the optimal active site for the ORR is likely different in acidic, alkaline, and nonaqueous electrolytes [159] . A comprehensive discussion concerning the possible NPMC active site structures for the ORR can be found in relevant articles [160, 161] .
Remaining challenges of M-N-C catalysts for the ORR
Although transition metal dopants offer an effective catalyst, these catalysts tend to undergo fast performance degradation under standard testing operations that involve a constant voltage higher than 0.6 V [162] . According to Shui et al., [24] , this durability issue is attributed to the fact that transition metals undergo corrosion, which not only compromises the performance of the catalyst but also contaminates the fuel cell. In an attempt to address this problem, they rationally designed a nano-composite catalyst consisting of nitrogen-doped carbon nanotubes (VA-NCNTs), exhibiting superior stability in both acidic and alkaline media. These findings might appear counterintuitive to some, since it has been previously proposed by multiple studies that nitrogendoped carbon catalysts prepared without any metal precursors exhibited much worse catalytic performance for reducing oxygen in acidic media than in alkaline electrolytes [150] . Therefore, it may still be debatable to conclude that one type of catalyst, either metal-free or transition-metal doped, dominates over the other. While transition-metal carbon based catalysts present better performance, metalfree catalysts are both more stable and durable. These results lead to the conclusion that further studies on both catalysts need to be carried out in order to broaden the current knowledge and understanding of their mechanisms. In regard to the most promising Fe-N-C catalysts, insufficient stability is the greatest challenge for Nafion s -based acidic PEFC applications especially at high voltages (40.6 V). Thus, accelerated durability tests have been extensively employed in the NPMC research community to study catalyst stability. Testing protocols for both aqueous solution-based RDE and Nafion s -based MEA were developed by using potential/ voltage cycling. At first, a potential cycling at 0.6-1.0 V vs. RHE in an O 2 saturated electrolyte (e.g., 0.5 M H 2 SO 4 or 0.1 M NaOH) at room temperature was used in RDE to determine catalyst stability. It should be noted that most Fe-N-C catalysts are stable in O 2 -free electrolytes during such potential cycling tests, however they are not stable in more practical O 2 -saturaed environments. Furthermore, in MEA fuel cell performance studies, voltage cycling between 0.6-1.0 V using H 2 /air at 80 1C was suggested to study the NPMC stability in a real fuel cell environment.
Another substantial challenge during the development of high-performance NPMCs is the successful transition of high catalyst activity determined from RDE to a high-performance MEA in fuel cells. Fundamental RDE tests are very important to study the intrinsic activity, four-electron selectivity, and stability in aqueous electrolytes. However, well-established three-phase interfaces (solid-gas-liquid) within air cathodes are critical to generating sufficient and stable current density with mitigated water flooding impact. Therefore, besides intrinsic ORR activity of active sites, porous structures, hydrophilicity/hydrophobicity, and electrical conductivity governed by catalyst morphologies and surface chemistry are also key factors to affect overall fuel cell performance [163] . In addition, the ratios of ionomer (e.g., Nafion s ) and NPMC will also control the performance in both kinetic and mass transfer ranges. More importantly, optimal Nafion s content in air cathodes varied with catalyst properties such as surface areas, tapping density, and pore distribution. In addition, durability becomes more of a challenge in air cathodes when compared to aqueous electrolyte, because operation temperature increases to 80 1C and O 2 concentration elevates. Notably, despite the generally low H 2 O 2 yields (o5%) usually measured with most of Fe-N-C catalysts by using RRDE, it is still possible that active ORR sites can be affected by hydrogen peroxide in real fuel cell cathodes. H 2 O 2 may be locally rich at large quantities as a result of complex processes occurring at the three-phase interface in fuel cell cathode involving variations in temperature, humidity, and O 2 concentration. Thus, possible Fenton's reagent agents (H 2 O 2 +Fe 2 + ) will significantly oxidize catalysts, ionomers, and membranes, resulting in serious degradation in fuel cell performance [164, 165] . Detailed description of NPMCs as alternative cathodes in PEFCs can be found in the relevant articles [166, 167] .
Carbon composites for hybrid Pt ORR catalysts
In the last decade, substantial progress has been made in the synthesis and performance improvements of NPMCs, however their current activity and long-term durability, especially in more harsh acid media still are not sufficient for pracitcal applications. Pt-based catalysts remain the most effective way to facilitate the ORR in acidic electrolytes for current fuel cell technologies [168] . To fully take advantages of current NPMC achievements, some researhers, including Popov [169, 170] and Wu [36, 43] , have proposed a new concept to develop hybrid cathode catalysts consisting of highly ORR-acive carbon composites and welldespersed Pt or other precious metals (e.g., Ag) [171] . The motivation is to significantly reduce the Pt amounts and improve Pt activity and stability for real fuel cell applications. Among various carbon composite NPMCs, the highly graphitized carbon nanostructures present in the Fe-N-C Figure 20 Synthetic scheme and microscopic images for hybrid Pt catalysts supported on nitrogen-doped graphene tubes. Reprinted from Ref. [43] with permission from WILEY-VCH.
catalysts may serve as a matrix for supporting Pt nanoparticles due to obvious advantages of high electronic conductivity and enhanced corrosion resistance as well as abundant CN x and FeN x actives sites.
As shown in Figure 20 [43], we recently developed a method to prepare highly active and stable Pt hybrid ORR catalysts by innovatively coupling Pt nanoparticles and highly active graphene tubes (up to 500 nm)-based Fe-N-C materials. The large-diameter nitrogen-doped graphene tubes (N-GTs) are derived from dicyandiamide (DCDA) and iron acetate via a high temperature method, which has exhibited high ORR activity. Therefore, from the catalyst design point of view, the ORR-active graphene tube support is able to not only offer a remarkable support effect by geometrically and electronically modifying the loaded Pt particles due to the nitrogen doping and highly graphitic surface, but it also provides a large amount of highly active non-precious metal active sites for the ORR. Both will significantly benefit the hybrid Pt catalsyt with imporved activity and durability. In particular, the doped nitrogen atoms is likely to attract electron from loaded Pt nanoparticles, evideneced by shifts of N 1s XPS peaks to low binding energy direction [43] , suggesting an electron exchange between supports and Pt particles [172] . In addition, compared to traditional carbon nanotube supports [173] , the large size of N-GTs (up to 500 nm) provides a better platform than common carbon nanotubes (o30 nm), thus favorably anchoring and dispersing Pt nanoparticles.
As a result, the unique Pt/N-GT hybrid materials were found to provide excellent performance that is superior to commercial Pt/C catalyst as evidenced by both RDE and fuel cell tests (Figure 21a and b) [43] . The observed enhancements are likely due to the complementary ORR active sites on N-GTs, their highly graphitized structure formed during the hightemeprature heat treatment process, and favorable interactions between the nitrogen dopant species and Pt nanoparticles. Besides the enhanced activity, the significantly improved stability is important for the hybrid catalyst. In the case of traditional Pt/XC-72 catalyst, significant activity loss during the potential cycling (0.6-1.0 V) was found; this resulted from the obvious Pt particle agglomeration during cycling [89] . In contrast, as shown in Figure 21c , the N-GT support is able to stabilize Pt nanoparticles showing insignificant activity loss under identical potential cycling tests. Notably, a possible electron exchange between Pt and doped nitrogen suggested by XPS is likely contributed to the enhanced stability of Pt catalysts [43] . Thus, this hybrid concept presents a novel strategy to develop new carbon nanocomposite catalysts with improved ORR activity and reduced Pt contents for fuel cell applications. Further development of hybrid catalysts requires continuously optimizing the integration of highly active NPMCs with well-dispersed Pt alloy nanoparticles. In addition, one of the challenges for the development of Fe-containing hybrid catalysts is the stability of NPMC. Due to the possible formation of Fenton reagents, other metal-derived formulations such as Co/Ni-N-C probably are more appropriate. 
Bifunctional ORR/OER carbon composite catalysts
Beyond the heavily studied ORR catalysts, bifunctional transition-metal and "metal-free" ORR/OER catalysts have attracted substantial attention recently due to increasing demands to develop reversible electrochemical energy storage and conversion technologies such as utilized reversible fuel cells and rechargeable metal-air batteries. These reversible electrochemical energy technologies greatly rely on catalyst performance for the ORR and the OER. Like the ORR, the OER is a sluggish reaction and requires catalysts containing large amount of precious metals such as Ir or Ru to enhance the reaction activity and durability [174] . Even worse, highly ORR active Pt is not a good catalyst anymore for the OER due to formation of Pt oxides at high potentials. Likewise, OER active Ir is not a good catalyst for the ORR. Compared to the ORR, the OER is even more challenging due to the extremely oxidative conditions at high potentials (41.4 V vs. RHE) [4] . Here, most of the currently studied carbon-based catalysts tend to degrade due to the rapid oxidation of carbon. Thus, the development of highly efficient and robust ORR/OER bifunctional catalysts derived from earth abundant elements is a necessity for such energy conversion and storage requirements.
It is well known that carbon can thermodynamically corrode above 0.207 V to carbon dioxide, and corrosion currents reach significant levels when operating during the OER above 1.3 V. However, highly graphitized nanocarbons with proper structures still hold promise that they can be used for OER catalysts, especially in less harsh alkaline media [175] . As shown in Figure 22 [175] , a high-surfacearea (1663 m 2 g À 1 ) bifunctional nanocarbon catalyst consisting of a mesoporous carbon foam co-doped with nitrogen and phosphorus was reported recently to demonstrate good electrocatalytic activity simultaneously for the ORR and the OER. This carbon catalyst was prepared using a scalable one-step process involving the pyrolysis of PANI that is polymerized into a three-dimensional hydrogel crosslinked with phytic acids. As each phytic acid molecule can complex with up to six aniline monomers, phytic acid can be used as the crosslinker and protonic dopant to directly form the three-dimensional PANI hydrogel network, which is crucial for yielding high surface areas and accommodating more active sties. Density functional theory calculations further revealed that the isolated N-doped, the isolated P-doped, and the N/P-coupled structures located in the graphene planes were identified as ORR and OER active sites based on the studies of the volcano plots (Figure 22c and d) . In particular, apart from ORR activity, the co-doped N/P structure is especially active with respect to the OER with the lowest overpotentials; they are even lower than that of the best metal-based catalyst identified theoretically (e.g., RuO 2 ). This work suggests that proper doping of heteroatoms into carbon will provide a new opportunity to design ORR/OER bifunctional nanocarbon catalysts. Importantly, stability of any bifunctional carbon-based catalysts for the ORR/OER needs to be extensively studied by harsh potential cycling tests from 0 to 1.9 V vs RHE.
Usually, as the optimal active-site structures for the ORR and the OER are not similar, bifunctional catalysts contain two or more constituents. Therefore, during nanocarbonbased catalyst design, a special emphasis has been put on nanocarbon/oxide (sulfide) nanocomposites, consisting of ORR active nanocarbon and OER active oxides or sulfides to catalyze different electrochemical reactions [176] [177] [178] [179] . In particular, relative to conventional carbon materials, transition metal oxides/sulfides are inherently more stable than carbon in oxidizing environments and are more active for the OER [180] . They can be deposited onto ORR active nitrogen-doped nanocarbon supports such as graphene or carbon nanotubes. Meanwhile, ORR active nanocarbon are porous and highly graphitic, so they will provide efficient electron transfer pathways and mass transport channels to the OER active species. In our recent effort, Mn 3 O 4 nanoparticles have been successfully deposited onto graphene, showing promising charging and discharging performances in Li-air batteries. In turn, these metal oxides can serve as substrates or templates for the synthesis of N-doped nanocarbons [39, 123] . Following these concepts, the possible synergistic effects occurring between the ORR and OER components may play a beneficial role in maximizing activity and durability of bifunctional catalysts. Further investigations for different metal oxides and nanocarbon supports, along with interface engineering, will yield novel ORR/OER bifunctional nanocomposite catalysts for reversible electrochemical energy technologies.
Summary and perspective
These highly demanding electrochemical clean energy technologies greatly rely on electrocatalysis of the oxygen reduction and oxygen evolution reactions. Large amounts of Pt or Ir used for catalysts prohibitively limits the widespread implementation of these energy conversion and storage technologies. Therefore, development of costeffective and robust electrocatalysts derived from earthabundant elements for these oxygen reactions has become an important research topic from both fundamental and applied research points of view. Among the studied catalyst formulations, carbon composites hold great promise to replace Pt in near future in terms of their exceptionally improved activity in both alkaline and acidic electrolytes. However, their eventually practical applications, particularly in acidic fuel cells, still require significant effort to address current issues such as insufficient activity and performance durability. Therefore, significant gaps between the most active Fe-N-C and state-of-the-art Pt/C catalysts must be bridged for viable applications. Importantly, due to thermaldymantically unstable nature of carbon materials (above 0.2 V in the presence of water), PEFC performance losses are largely related to the deterioration of the cathode carbon catalysts, especially during start-up/shutdown under the stringent conditions of automotive operation. Likewise, a grand challenge facing the OER catalysts is the very likely carbon oxidation/corrosion. Thus, identifying highly stable nanocarbons even at high potential (41.6 V) will be extremely crucial for utilizing carbon as a robust ORR/OER bifunctional catalysts for reversible electrochemical devices. Recently, we have discovered that tube structures is more stable compared to other carbon structures, providing opportunity to integrate highly ORR-active N-C or M-N-C components with OER-active oxides [177] .
In this review, we elucidate synthesis-structure-property correlations during the catalyst developments, which is very valuable to help us continuously design and prepare advanced catalysts with improved activity and durability. Two types of carbon materials hold great promise to replace precious metals in the future for fuel cell and other electrochemical energy applications. They are "metal-free" heteroatom (e.g., N)-doped carbon catalysts (C-N) and nitrogenand transition metal-"co-doped" carbon catalysts (M-N-C, M=Fe or/and Co). While transition-metal carbon based catalysts present a better performance, metal-free catalysts are both more stable and durable. Therefore, further studies on both catalysts need to be carried out in order to broaden the current knowledge and understanding of their mechanisms and only then decide which catalyst is more appropriate for different applications either in alkaline or acidic media.
The nanostructures and morphologies (e.g., surface areas, porosity, and graphitization) of graphitized carbon during the high-temperature treatment is greatly dependent on the employed transition metals, nitrogen-carbon precursors, and synthetic procedures, which directly link to the catalytic activity. The carbon nanostructures (e.g., tubes, onion-like carbon, and multiple-layered graphene) once were observed in highly active M-N-C catalysts. Therefore, we speculated that the in situ formation of highly graphitized nanocarbon structures in the M-N-C catalysts seems to be a critical factor dictating active site generation and is directly linked to the observed ORR activity. The role of carbon structures in the M-N-C catalyst seems to be very crucial and serve as either an active species or a matrix to accommodate active species. Due to nitrogen and transition metal doping, the inactive carbon atoms surrounding these dopant may become very active for oxygen reduction or evolution reactions. However, in our recent effort to develop the Fe-N-C catalyst derived from MOFs, dominant amorphous carbon (or only partial graphitization) morphology with uniform distribution of atomic N and Fe was found in a new type of Fe-N-C catalysts showing even higher ORR activity (E 1/2 up to 0.82 V vs. RHE) and stability relative to state-of-the-art graphitized carbon-rich Fe-N-C catalysts (0.80 V). Thus, it seems that the highly graphitized carbon structures in the M-N-C catalysts are not necessary for generating high ORR activity. The discrepancy continuously puzzles us in terms of the optimal carbon structures in the M-N-C catalysts for the ORR. Thus, elucidating the role of carbon structures at atomic level and local bonding environment of carbon are fundamentally important to predict and design optimal M-N-C catalysts Meanwhile, further performance improvement requires novel concepts to design catalysts with intimate interaction among transition metal, nitrogen, and carbon during the processing precursors (e.g., metal, nitrogen, carbon, and template), heat-treating, and post-treatments. High surface area with mesoscale pore structures in a 3D architecture will increase density of active sites, generating high current density. Selection of advanced supporting materials or templates such as graphene and MOFs may provide new opportunities on boosting the catalyst activity. Continuously improving activity and durability of catalysts requires understanding of the exact active site in catalysts. It is unclear whether the transition metals is the crucial center of the active site(s), or if it only catalyzes the process of nitrogen doping into carbon. In addition, the bonding mechanism and optimal structures of nitrogen and carbon (e.g., in-plane, edge, subsurface) are yet to be conclusively identified. In addition, an ideal active site on the top of the volcano for the ORR will be not on the top of the OER volcano. Intrinsically, a single site cannot simultaneously active for the ORR and the OER. Therefore, in developing a so-called bifunctional electrocatalysts, we need to wisely integrate both types of sites into a carbon nanocomposite. In addition, as direct probing the active sites on the top layers of catalyst surface is very challenging, theoretical calculation and simulation are powerful tools to provide insights into the origin of active sites. Solving these puzzles is essential to the development of highly active, selective, and stable NPMCs for clean energy conversion and storage.
